Abstract Prior imaging studies of scoliosis patients attempted to demonstrate a relationship between plain radiographic curve patterns and curve progression and pain, or used magnetic resonance imaging (MRI) to focus on spinal cord abnormalities. Pain in scoliosis patients may differ from nondeformity patients, yet may still be discogenic. The purpose of this study was to assess the possible relationship of degenerative disc findings on MRI to scoliosis patients' pain. This prospective study enrolled scoliosis and control patients, all of whom had assessment for back pain (visual analog scale) and disability (Oswestry Index) and spinal MRI to identify prevalence and distribution of degenerative disc findings. Specifically, we assessed 60 consecutive pediatric and adult idiopathic scoliosis patients who had progressed to surgical treatment, 60 age-and gender-matched asymptomatic controls, and 172 nondeformity symptomatic degenerative disc disease patients who had progressed to surgical treatment. All subjects had independent analysis of their preoperative MRI for disc degeneration, disc herniation, Schmorl's nodes, and inflammatory end plate changes. Imaging findings of the scoliosis patients were compared to those from asymptomatic and symptomatic control groups. Our results found that both pediatric and adult scoliosis patients had significantly more pain and disability than did asymptomatic controls (P \ 0.001). The adult idiopathic scoliosis patients had pain and disability similar to those of surgical degenerative disc disease control groups. Disc degeneration and herniation (contained) were not related to pain. However, in the pediatric scoliosis patients, those with Schmorl's nodes often had greater pain than those without (P = 0.01). Adults with painful scoliosis, typically occurring at the apex of the scoliosis or at the lumbosacral junction, had a significantly higher frequency of inflammatory end plate changes on MRI than did controls (P \ 0.001). Prior studies have demonstrated a correlation of inflammatory end plate changes to lumbar discogenic pain. In conclusions, scoliosis patients who have progressed to surgical intervention, pediatric patients have varying degrees of pain, and those with Schmorl's nodes may be at greater risk for pain. Adult scoliosis patients have multifactorial pain of which one component may be related to
Introduction
The problem of pain and disability in scoliosis patients has received relatively little study compared to studies of pain in patients with lumbar degenerative disc disease (DDD) or stenosis. Classic teachings hold that adolescent idiopathic scoliosis patients do not present with pain, but rather that pain is typically associated with adult scoliosis [16, 33, 36, 64] . The etiology for painful scoliosis is thought to include muscular pain due to eccentric loading about the apex of a curvature, asymmetric facet joint loading resulting in facet arthritis or synovitis, discogenic pain, or a combination [67] . Animal scoliosis models and human studies have shown disc degeneration at the concave aspect of scoliotic discs [12, 13, 38, 39] . However, the progression from disc degeneration to discogenic pain is not fully understood.
Previous imaging studies have correlated plain radiographic scoliosis curve patterns to curve progression and also to pain [55] . Magnetic resonance imaging (MRI) is used to assess soft tissues of the spine and previous MRI studies of scoliosis patients have assessed abnormalities of the spinal canal or cord [15, 26, 49] . The MRI is also useful for assessment of degenerative changes in the disc, such as loss of hydration, herniation, Schmorl's nodes, and inflammatory endplate changes; however, MRI has not yet been used to study these disc changes in scoliosis patients [24, 28, 43] .
The authors anecdotally found that many adolescent idiopathic scoliosis patients identified themselves as having back pain. The authors were unable to correlate scoliosis curve magnitude on plain radiographs with pain severity. The purpose of this study was to quantify prospectively the degree of pain and disability in pediatric and adult scoliosis patients who had progressed to surgical intervention, and then to correlate these symptoms with degenerative changes on preoperative MRI scans. Specifically, MRI findings of disc degeneration, disc herniation, Schmorl's nodes, and inflammatory endplate changes were analyzed. Comparative groups included age-and gender-matched asymptomatic and symptomatic controls (presurgical patients with severe pain due to DDD) to determine where in the MRI spectrum of degenerative disc changes the scoliosis patients fell.
Materials and methods
All pediatric and adult (pediatric onset) idiopathic scoliosis patients who presented at the author's institution and had progressed to surgical intervention were prospectively evaluated using a reliable and valid outcomes survey for the assessment of pain and function. The survey included visual analog scales (VAS) for back and leg pain (0 = no pain; 10 = severe excruciating pain); a pain diagram assessing the area of pain involved over the surface of the body; and the Oswestry disability index (ODI, low score = no disability; high score = severe disability) [45] . An additional component to this survey assessed patients' self-perception of appearance related to their spinal deformity using a VAS for deformity (0 = normal appearance; 10 = extremely deformed appearance).
This study enrolled idiopathic scoliosis patients to a total of 30 consecutive adults and 30 consecutive pediatric patients in each group. Inclusion criteria included a minimum curve magnitude of 40°, younger than age 66, and progression to surgical treatment (spinal arthrodesis). De novo, degenerative, and other non-idiopathic scoliosis patients, and idiopathics with prior surgical treatment of their deformity were excluded. Exclusion criteria also included pregnancy, medical conditions precluding surgical intervention, or acute disc herniation.
Surgical indications for the 30 pediatric idiopathic scoliosis patients included curve progression greater than 40°despite full-time bracing in an actively growing patient; curve magnitude greater than 45°in a patient with a Risser stage-2 or less; and curve magnitude of greater than 40°with progressive pain for more than 1 year and failure of full-time bracing, physical therapy, and nonsteroidal anti-inflammatory medication treatment. For the pediatric scoliosis group, 21 (70%) had been treated in a brace, 1 (3%) had physical therapy, and 4 (13%) had tried chiropractic prior to their orthopaedic referral. Surgical indications for the 30 adult idiopathic scoliosis patients included active curve progression to more than 50°; curve magnitude greater than 60°with presumed potential for progression; and curve magnitude greater than 40°with progressive pain for more than 1 year and failure of nonoperative treatment, including physical therapy, pain medications, thoracic or lumbar epidural steroid injections (or both), and bracing. Treatments for the adult scoliosis group included physical therapy in all 30 (100%), chiropractic in 4 (13%), bracing in 7 (23%), and epidural steroid injections in 28 (93%).
Age-and gender-matched controls who were identified (as shown later) considered themselves asymptomatic (for a minimum of 1 year), had never been treated for back pain by any health provider, and denied taking medication for pain. All controls completed identical surveys. All patients and control subjects had an MRI scan of their thoracic and lumbar spine. All MRIs included a T 2 -weighted sequence, with a TR typically in the 2,000-3,000 range, so that relative disc hydration could be adequately assessed. All patient and control group MRI scans were independently read by a neuroradiologist who had no knowledge of the subject's symptoms and no knowledge as to whether the patients were being treated nonoperatively or were scheduled for surgery. Each MRI was specifically assessed for disc dehydration, herniated nucleus pulposus (HNP), Schmorl's nodes, and inflammatory endplate changes. The study was approved by the institutional review board and informed consent was obtained in all subjects (or parents where appropriate).
After a pilot study of eight patients and eight control subjects, age-and gender-matched controls were recruited over the anticipated age range of the patients. Because the age range of the adult scoliosis patients was greater, more Eur Spine J (2008) 17:240-249 241 adult control subjects were recruited during the study period (56 pediatric and 68 adult controls). During recruitment of controls, two pediatric and four adult subjects were considered ineligible because they declined MRI scans. Control subjects completed their self-assessment questionnaires before their MRI scans and thus were blinded to the MRI scan findings at the time of questionnaire completion. Additional control groups of symptomatic back pain patients were obtained from the author's practice; they were concurrently treated with the scoliosis patients and had progressed to lumbar (n = 154) or thoracic (n = 18) fusion surgery for disabling axial back pain due to DDD. Surgical indications for the adult DDD control groups were progressive axial pain for more than 1-year symptom duration (mean 7.9 years) despite physical therapy, chiropractic, pharmacological treatment, epidural steroid injection, intradiscal steroid injections, and intradiscal electrothermal therapy treatments. All of these DDD patients had at least one level of concordant pain at the time of preoperative discography (Table 1) . These patients were analyzed separately, as many did not undergo both thoracic and lumbar MRIs. These symptomatic control subjects are part of an ongoing fusion outcomes study in which they completed identical preoperative pain and disability questionnaires. The characteristics of the various study and control groups are shown in Table 1 .
Statistical methods
Statistical analysis for the MRI and symptom variables for each group were calculated separately. Owing to the skewed distribution for most of these variables, nonparametric methods were used for analysis. The KruskalWallis test was used to compare the MRI and symptom variables between the subject groups. Within the study and asymptomatic control groups, the association among age, MRI, and symptom parameters was assessed using the Spearman correlation. Any P values of less than 0.05 were considered statistically significant. In the graphs, the error bars represent plus or minus one standard deviation.
Results

Pain and disability
Outcomes surveys found that patients in the pediatric idiopathic scoliosis group had back pain significantly worse than those in the pediatric control group (P \ 0.001; Fig. 1 ). The adult scoliosis patients had pain (VAS mean = 6.5; range 2.0-9.0) significantly worse than that of the asymptomatic adult controls and both pediatric groups (P \ 0.001). The adult thoracic and lumbar DDD patients had back pain that was significantly worse than that of the In two cases, an extra level was fused to avoid ending the fusion at the apex of the thoracic kyphosis asymptomatic adult and pediatric control patients (P \ 0.0001), but it was not significantly different from that of the adult scoliosis patients for the number of subjects in this study. Leg pain was significantly worse in patients in the adult scoliosis group and lumbar DDD control group relative to those in the asymptomatic adult control, thoracic DDD, and both pediatric groups (P \ 0.001; see Fig. 1 ). Leg pain was considered to be referred pain because, although many patients had central disc herniations (bulging), none had stenosis. Analysis of the pain-drawing scale found that pediatric idiopathic scoliosis patients had a pain area significantly greater than that found in the pediatric control group (P \ 0.001; Fig. 2) . The adult scoliosis patients had a pain area significantly greater than that of the adult asymptomatic controls and those in both pediatric groups (P \ 0.001). Patients in both adult DDD groups had a pain area significantly greater than that of patients in the asymptomatic adult and pediatric control groups (P \ 0.0001), but it was not significantly different from that seen in the adult scoliosis patients. Of the 16 pediatric scoliosis patients having pain (minimum VAS [ 1.0), the location of the pain was over the apex of the primary curvature in 5; at the midline at levels corresponding to patients' Schmorl's nodes in 6; at the curve apex that included Schmorl's nodes at the apex in 3; in the low back region in 1 with L45 disc degeneration; and in the interscapular region in 2 with normal discs throughout.
The adult scoliosis patients had more-complex pain patterns often encompassing thoracic and lumbar regions. In the interscapular region, pain coincided with disc degeneration (eight patients), and additional Schmorl's nodes (three patients) and HNP (one patient). Thoracic curve apex pain in six patients coincided with disc degeneration and Schmorl's nodes in two, degeneration with inflammatory endplates in three, and disc herniation in two. Pain about the thoracolumbar junction occurred in the midline in four patients, with two having disc degeneration and Schmorl's nodes and two having degeneration with inflammatory endplates. Pain at the apex of a thoracolumbar curve was present in two who had disc degeneration with both Schmorl's nodes and inflammatory endplates; one also had an HNP. Midline lumbar pain was most prominent in six patients, all of whom had disc degeneration with inflammatory endplates; of those patients, two also had Schmorl's nodes, and one had an HNP. Lumbar pain over the curve apex in 11 patients coincided with disc degeneration and with additional inflammatory endplates (8 patients) and Schmorl's nodes (3 patients). Midline lumbosacral pain was present in 14 patients, all of whom had disc degeneration; 10 of these also had inflammatory endplates, and 1 also had an HNP. One patient with severe pain at the concavity of a lumbosacral fractional curve had disc degeneration with inflammatory endplates.
Analysis of the ODI found that pediatric idiopathic scoliosis patients had scores significantly greater (i.e., worse) than those of patients in the pediatric control group (P = 0.001; Fig. 3) . However, the overall degree of disability was clinically mild. The adult scoliosis patients had Fig. 1 Back and leg pain severity measured by the visual analog pain scale among subjects in various study and control groups Fig. 2 Size of pain area measured by pain drawing among subjects in various study and control groups significantly greater disability than did patients in the asymptomatic adult control and both pediatric groups (P \ 0.001). Patients in both adult DDD groups had disability significantly worse than the asymptomatic adult and pediatric control groups (P \ 0.0001), but it was not significantly different from that of the adult scoliosis patients. Spinal deformity VAS found that patients in both scoliosis groups considered their appearance significantly more deformed than did those in the asymptomatic and DDD control groups (P \ 0.001; Fig. 4 ). Adult scoliosis patients had a perception of deformity significantly greater than that of the pediatric scoliosis patients (P \ 0.01).
MRI characteristics
The distribution of disc degeneration (dehydration and narrowing) for the scoliosis patients and their asymptomatic control subjects is shown in Fig. 5 . The total number of degenerated discs per subject in the adult and pediatric scoliosis and respective asymptomatic control groups were similar. Although the adult scoliosis and control groups had a similar total number of degenerated discs the distribution found a greater number in the proximal lumbar levels (T12-L3) of the adult scoliosis group relative to all other groups (P \ 0.001). Both adult groups had a significantly greater number of degenerated discs than found in the pediatric groups (P \ 0.001). A significant correlation of disc degeneration with age was found at r = 0.52 and r = 0.63, respectively, in the adult asymptomatic control group and adult scoliosis group (P \ 0.05). There was no significant difference in the rate of thoracic disc degeneration between the three adult groups.
Schmorl's nodes in patients in the various groups was most common at the thoracolumbar junction (Fig. 6) . A significant correlation of Schmorl's nodes with age was found at r = 0.41 and r = 0.36, respectively, for patients in the asymptomatic pediatric control and those in the adult scoliosis groups (P \ 0.05). No difference was found between the adult scoliosis and asymptomatic adult control groups in the total number of discs (per subject) with Schmorl's nodes. The thoracic spine revealed no significant difference in the number of discs with Schmorl's nodes among subjects in the adult scoliosis, asymptomatic control, and thoracic DDD groups. The number of disc herniations (all contained, none extruded or sequestered) was significantly greater in patients in the adult groups than in either pediatric group (P \ 0.001; Fig. 7) . Patients in the thoracic DDD group had more disc herniations within the thoracic spine per subject; however, owing to the small subject numbers, the difference relative to the adult asymptomatic control and the adult scoliosis groups was not significant (P = 0.06).
The rate of inflammatory endplate changes was highest in the adult scoliosis patients and had a bi-modal Fig. 4 Effect of deformity on appearance measured by the visual analog scale among subjects in various study and control groups distribution with peaks at L23 and L5S1. The L23 peak corresponded to the apex of the lumbar curve, and in the T12-L3 region the number of affected discs was significantly greater than that found in the adult asymptomatic control or other groups (P \ 0.001; Fig. 8a, b) . In the adult lumbar DDD group, inflammatory endplate changes were identified at 84 discs in 154 patients. Unlike the bi-modal distribution of the adult scoliosis group, the adult DDD group had only nine discs with changes from T12-3; all the others were at L4-5 (26 discs) or L5-S1 (49 discs) levels. Patients in the adult scoliosis, lumbar DDD, and asymptomatic adult groups had significantly more inflammatory endplate changes than seen in patients in the pediatric groups (P \ 0.001). Further comparisons restricted to only thoracic MRI found significantly higher rate of discs with inflammatory endplate changes in the thoracic DDD and adult scoliosis patients relative to those in the asymptomatic adult control group (P = 0.02).
Relationship of MRI parameters to symptoms
No significant relationship of MRI-revealed disc dehydration to outcome parameters was seen for any group. Statistical analysis found that pediatric scoliosis patients with Schmorl's nodes had back pain significantly greater than those adolescent scoliosis patients without Schmorl's nodes (mean VAS pain = 3.2 vs. 1.1, respectively; P = 0.01). Likewise, those pediatric patients with Schmorl's nodes had an area of pain greater than those without Schmorl's nodes (mean pain drawing score = 2.5 vs. 0.8, respectively; P \ 0.01). The presence of Schmorl's nodes in patients in the pediatric scoliosis group was significantly correlated with back pain (r = 0.53) and pain drawing (r = 0.60; P = 0.015). Within the adult scoliosis patients, inflammatory endplate changes were weakly correlated with back pain and significantly correlated with leg pain (r = 0.48; P = 0.03). In the combined adult scoliosis and control groups, inflammatory changes were significantly correlated with back pain (r = 0.48), leg pain (r = 0.69), pain area (r = 0.62), and ODI (r = 0.61), respectively (P = 0.03).
Discussion
Back pain is common in adults, and mild back pain is not uncommon in children, [3, 10, 19, 34, 41, 46, 57, 58, 62] . In scoliosis, pain is typically associated with adults and even those with mild curves have twice as much back pain as that experienced by nondeformity controls [6, 14, 54, 64] . A small proportion of scoliosis patients have greater curve magnitudes, and some have severe pain [33, 47] . The purpose of the current study was to place scoliosis patients who had progressed to surgical intervention into the spectrum of pain symptoms and disc degeneration by comparing them to ''normal'' and advanced symptomatic degenerative control subjects. The present study found that overall disc degeneration was similar in scoliosis and asymptomatic control groups, however, specific aspects of degeneration, such as Schmorl's nodes and inflammatory endplate changes differed and suggested symptoms in the scoliosis patients may, in part, have a discogenic etiology.
To quantitate pain and disability in this study, a reliable and validated outcomes instrument, which included the pain VAS and ODI, was applied to both deformity and nondeformity patients. Currently, the SRS-22 instrument is often used in patients with deformity [53] . This diseasespecific assessment instrument was not available at the onset of our study. Although the SRS-22 has many advantages, it also has limitations, including unknown applicability to patients without deformity and the necessity of reporting multiple subscales to clarify the meaning of baseline total scores and changes in total scores [2, 18] . If one considers the five function related questions of the SRS-22, there is a high correlation to the ODI in adult scoliosis [8] . A limitation of our study is the uncertain correlation of the ODI to the SRS-22 for pediatric patients or applicability of the ODI at all to the pediatric population.
The degree and variability of pain and disability in our patients seem valid as they generally agree with prior reports for both adult and pediatric scoliosis [2, 8, 14, 16, 35, 37, 40, 47, 48, 50, 53, 54, 56, 59] . One prior study allowed direct comparison of the back pain VAS to our study for presurgical pediatric scoliosis patients [48] . It rated the pain of those pediatric patients at a mean of 2.4, whereas our study recorded a mean score of 3.7 for our 16 symptomatic pediatric scoliosis patients. The location of pain in our pediatric patients was often at the apex (convexity) of the curve but, in others, the pain correlated with levels where Schmorl's nodes were found to be present. In adults, there was a large range of VAS pain severity scores indicating that some patients had surgery primarily for pain and others primarily for curve progression. Within the adult group, pain was most common at the apex in the spine or (diffusely) in the lumbar-lumbosacral regions, which agrees with previous reports [7, 67] . Adult scoliosis back pain is complex and multifactorial. A component of the pain may be related to distal lumbar DDD, as is seen in patients without deformity or, additionally, it may be related to the discs at the apex of the curvature, which are in an abnormal biomechanical environment.
The degenerative findings on MRI of the asymptomatic control groups of the present study appear valid, because the frequency of degenerative disc changes falls into the ranges previously reported [5, 17, 30, 31, 65, 68] . Our study patients with deformity had an overall rate of disc degeneration similar to that of patients in the control group. However, within the proximal lumbar region (T12-L3), which was at the apex of the lumbar curve, there was a significantly higher prevalence of disc degeneration in the adult scoliosis relative to the control group. The lack of pain related to disc degeneration in the nondeformity pediatric population has been noted previously; however, not all studies have come to the same findings [51, 60] . Our study found no significant relationship of disc degeneration (dehydration and narrowing) to pain in either pediatric or adult scoliosis patients.
We found no disc herniation (only the contained type were studied) in our pediatric groups, although prior studies have found that the few herniations seen in the pediatric population may be symptomatic [30, 31, 51, 60] . A few of our adults had disc herniations with a rate similar to that found in prior studies [5] . Only the thoracic DDD patients had contained herniations with chronic pain symptoms.
Recent studies of subjects with lumbar MRI found a correlation to low back pain in subjects with inflammatory (Modic type 1) endplate changes [32, 52] . Additionally, prior studies of adult patients with pain due to lumbar DDD, have found a high correlation of concordant pain in discs with inflammatory endplate changes at provocative discography [11, 20, 42, 52, 61, 66] . Our study also found, as demonstrated in both the adult scoliosis and lumbar DDD patients, that inflammatory endplate changes were related to high pain and disability symptoms. A limitation of the present study is that even patients with inflammatory endplate changes may have other etiologies of back pain, and conversely many adult scolioisis patients without inflammatory endplate changes also had pain. This demonstrates the multifactorial etiology of pain for this group. These limitations could be addressed and our conclusions strengthened by increasing the subject number which would increase the statistical power of the study, and by confirming discogenic pain by discography (not routinely performed in our scoliosis patients). That is, a future study of scoliosis patients which includes the use of multi-level discography could confirm the presumption that inflammatory endplate changes found at the apex of the lumbar curve is related to symptomatic disc degeneration.
Schmorl's nodes may have a role in pain symptoms. Patients without deformity had Schmorl's nodes at the same rate as that in patients who had scoliosis; however, those patients with scoliosis and Schmorl's nodes typically had pain even at a young age, as demonstrated in our pediatric groups and also found in previous studies [30, 50] . Additionally, a previous study of thoracic discography in asymptomatic individuals found intense pain on discography if a disc with Schmorl's nodes was tested [69] . One can speculate that Schmorl's nodes in a uniform loading environment may remain asymptomatic. However, under excessive disc-loading conditions, such as asymmetric loading (as seen in spinal deformity) or provocative discography, Schmorl's nodes become symptomatic.
The present study found a similar rate of overall disc degeneration for the scoliosis and control subjects. Yet, two subgroups, those with Schmorl's nodes and those with inflammatory endplates reported increased pain compared to controls. Unlike discogenic back pain related to a central disc herniation or posterior annuluar tear, perhaps pain related to Schmorl's nodes and inflammatory endplates, both of which may occur in an abnormal loading environment combined with abnormal endplates, may be due to innervation of the endplates of vertebral bodies [1, 9, 18, 21, 22, 25, 27, 44, 63] . Specifically, there may be a type of ''discogenic pain'' that causes symptoms via interosseous nerve endings. This study also questions the notion that adult scoliosis patients are simply deformity patients with additional DDD, as seen in nondeformity patients. Our study findings suggest that this notion is only partly true. Indeed, many adult scoliosis patients have progressive pain in the distal lumbar spine as seen in nondeformity patients with typical chronic low back pain; however, many may also have additional discogenic pain related to the apex of their lumbar curve. Possibly, adult scoliosis patients have additional curvature (altered biomechanical environment) related discogenic pain.
Our study also found that adults with idiopathic lumbar scoliosis, particularly those whose symptoms progress, had greater pain severity than those with thoracic scoliosis, which is consistent with prior reports [23, 53] . This brings into question the role of the additive degeneration on a preexisting lumbar compensatory curve in type-2 curvepattern scoliosis [29] . Most adult idiopathic scoliosis patients with progressive pain experience that pain in the lumbar region. Typically, these patients, when younger, had a thoracic curve magnitude greater than the lumbar curve but, by the time they progressed to arthrodesis surgery as adults, the preexisting lumbar curve had progressed often to a magnitude greater than that of the thoracic curve.
In conclusion, scoliosis patients who progress to surgery had increased symptoms relative to self-described, asymptomatic, age-matched control patients. Having established a difference in pain and disability, we subgrouped these patients on the basis of their MRI scans for possible correlations of disc abnormalities. In the surgically treated patients of this study, disc dehydration or small, contained herniations were not related to pain. However, pediatric scoliosis patients with Schmorl's nodes may be at risk for varying degrees of back pain as their curve progresses. Adult idiopathic scoliosis patients in this study had pain and disability comparable to nondeformity patients with advanced DDD, but they had more complex pain patterns suggesting multiple etiologies for pain. Inflammatory endplate changes in the lumbar spine have been previously correlated to low back pain, and this study is the first to suggest that one etiology of pain in adult scoliosis is correlated to inflammatory endplate changes. Many adult scoliosis patients have inflammatory endplate changes but the distribution differs from that in nondeformity DDD patients in that inflammatory endplate changes occur at the apex of their lumbar scoliosis in addition to the distal lumbar spine.
The present study should be considered preliminary in nature. Further study with larger patient numbers and more sensitive testing for discogenic pain (such as multilevel discography) may further define the biomechanical, clinical, and degenerative relationships of pain at the apex of scoliotic deformities. Discographic validation of pain associated with inflammatory endplate changes would suggest that future scoliosis radiographic classifications include MRI in addition to plain radiographs [4] .
